Introduction {#sec1}
============

Catalyzed dehydrogenation of alkanes is an important petroleum industrial process. Approximately 134 million tons of ethene (ethylene) and 94 million tons of propene (propylene) were produced in 2014.^[@ref1],[@ref2]^ These numbers are expected to increase continuously as the consumption of ethene and propene is expected to increase continuously. Consequently, transition-metal (TM) catalysts used for the dehydrogenation of ethane and other light alkanes have been extensively studied both experimentally and theoretically.^[@ref3]−[@ref29]^ The energy consumption for converting alkanes to alkenes is tremendous because it takes more than 400 kJ/mol of energy to break a C--H bond. Although the traditional vanadium oxide catalysts can reduce the energy barrier of the oxidative dehydrogenation (ODH) of alkanes to 100--200 kJ/mol,^[@ref5],[@ref27]−[@ref29]^ a high-temperature environment is still required to provide enough thermal energy for this catalyzed reaction. More effective TM catalysts are desirable for the mass production of ethene and propene at a lower energy cost.

Recently, platinum (Pt) atomic clusters were found to have an extraordinary ability to break C--H bonds at lower temperatures by reducing the energy barrier to ∼20 kJ/mol, both in the gas phase and on a metal oxide surface.^[@ref6],[@ref7]^ This is a breakthrough toward the catalysis of the ODH of alkanes. However, Pt clusters can easily coalesce in the gas phase and lose their catalytic activity. When they are supported by a metal oxide surface, coalescence may still occur at high reaction temperatures.^[@ref30],[@ref31]^ Similar catalytic abilities and shortcomings are observed for several other TM clusters. Iridium (Ir), rhodium (Rh), and palladium (Pd) atomic clusters have shown tremendous potential toward activating the C--H bonds of ethane and propane, both in the gas phase and on metal oxide surfaces.^[@ref12]−[@ref19]^ However, studies also show that small TM clusters such as Ir~3~ migrate easily on metal oxide surfaces.^[@ref32]^ Apart from enhancing the catalytic ability of these TM clusters, preventing their migration, coalescence, and deactivation are equally important. One strategy we proposed in a previous study was to find catalytically active Ir clusters with large enough surfaces that can bond strongly to their support to hinder migration.^[@ref16]^

In our previous research,^[@ref16]^ the ODH of ethane and propane catalyzed by the Ir~8~, Ir~12~, and Ir~18~ atomic clusters was investigated. The reaction cycle of the Ir cluster-catalyzed ODH of ethane involves five steps, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}: first, C~2~H~6~ approaches an Ir~*n*~ cluster to form the Ir~*n*~···C~2~H~6~ reactant complex. Second, the Ir~*n*~ cluster enters a C--H bond of ethane and forms H--Ir~*n*~--C~2~H~5~. This was found to be the rate-limiting step. Third, the Ir~*n*~ cluster enters a second C--H bond and forms (H)~2~--Ir~*n*~--C~2~H~4~, in which ethylene is formed and bonded to Ir~*n*~. The formation of the C--C π bond facilitates the second H elimination. Fourth, O~2~ is adsorbed on the Ir~*n*~ surface and decomposed into two O atoms, each bonded to the Ir~*n*~ cluster. The H atoms migrate on the Ir cluster until encountering an O atom. O--H bonds and eventually H~2~O are formed and heat is released. Fifth, water and ethylene are evaporated from the Ir~*n*~ surface assisted by the heat released from the formation of the O--H bonds.

![Reaction cycle of the Ir~*n*~ cluster-catalyzed ODH of ethane.](ao9b02813_0001){#fig1}

We had chosen Ir~8~, Ir~12~, and Ir~18~ atomic clusters to model this catalytic cycle for two reasons:^[@ref16]^ first, CCSD(T) and density functional theory (DFT) calculations predicted that the global minimum structures of these Ir atomic clusters adopt a cubic or cuboid shape.^[@ref33],[@ref34]^ These predictions provided a starting point for us to focus on the modeling of these cubic/cuboid structures of Ir clusters and their activities toward ethane and propane. Second, these cubic or cuboid structures may have up to half of the Ir atoms (4, 6, or 9) bonded to a supporting surface, which may reduce their chances of migrating on the surfaces compared with the much smaller Ir clusters such as Ir~3~.^[@ref32]^

It was straightforward to study the insertion of Ir~8~ clusters into a C--H bond of ethane because all Ir atoms are identical in the Ir~8~ cube. There are, however, two types of atoms in the 3 cube. 2 cuboid structure of Ir~12~: eight atoms on the corner sites and four on the edges. In the 3 × 3 × 2 cuboid structure of Ir~18~, there are corner, edge, and face center sites. In total, we studied six different reaction paths of Ir~*n*~ (*n* = 8, 12, and 18) interacting with ethane on various catalytic sites.^[@ref16]^ The six corresponding transition-state (TS) structures are illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Because of the many nearly degenerate electronic structures of the Ir~*n*~ clusters, we computed each reaction path in at least seven electronic states with the electron spin quantum number (*S*) ranging from 0 to 6. The reaction path with the lowest energy barrier was then used to characterize the activity of the cluster size and the catalytic site of interest.^[@ref16]^ We found that the catalytic ability of the Ir clusters depends both on the cluster size and on the catalytic site. The corner sites of Ir~18~ (Δ*H*^⧧^ = 3 kJ/mol) are more active than the corner sites of Ir~12~ (Δ*H*^⧧^ = 21 kJ/mol) and Ir~8~ (Δ*H*^⧧^ = 65 kJ/mol). Because the Mulliken analysis suggests that electrons flow from ethane to the Ir~*n*~ cluster in the Ir~*n*~ + C~2~H~6~ → H--Ir~*n*~--C~2~H~5~ reaction, we conjectured that larger Ir clusters disperse the negative charge better than the smaller ones and thus stabilize the TS. The molecular orbital (MO) visualization shows that the lowest unoccupied MOs (LUMOs) are more diffuse at the corner sites and thereby more readily accept the C--H bonding electrons. The LUMOs are tighter at the edge sites and the tightest at the face center sites. Consequently, the corner sites are more active than the edge sites, which are in turn more active than the face center sites. For example, the enthalpy of activation (Δ*H*^⧧^) of Ir~18~ + C~2~H~6~ → H--Ir~18~--C~2~H~5~ is 3, 48, or 71 kJ/mol at the corner, edge, or face center site, respectively.

![Previously studied TS structures of Ir~*n*~ + C~2~H~6~ → H--Ir~*n*~--C~2~H~5~ reaction taking place at the corner, edge, and/or face center sites of the Ir~8~, Ir~12~, Ir~18~ cubic, or cuboid structures with the electron spin quantum number *S* ranging from 0 to 6.](ao9b02813_0004){#fig2}

The Mulliken analysis and the visualization of MOs supported our explanation of the size and site effects on the catalytic abilities of Ir clusters.^[@ref16]^ However, these two means are rather qualitative and dependent on the basis sets. The MO visualization also depends on the isovalues chosen for the MO graphing. Therefore, quantitative indicators that are independent of basis sets, such as natural bond orbital (NBO) charges^[@ref35],[@ref36]^ and Wiberg bond indexes (WBIs),^[@ref37]−[@ref39]^ are desirable for predicting the activity of the various catalytic sites.

In this paper, we conducted the NBO charge and WBI analyses for the previously studied Ir clusters. We then extended these analyses to the Rh~*n*~ clusters that catalyze the dehydrogenation of ethane. Rh and Ir are both group 9 TM elements. Rh is in the fifth period and Ir is in the sixth. Because of the lanthanide contraction, Rh and Ir have a similar atomic radius (∼1.34 Å vs ∼1.36 Å). However, Rh and Ir clusters may behave differently in their reactions with ethane because the Rh and Ir atoms have different electronic structures. The Rh atom has a \[^36^Kr\]4d^8^5s^1^ electronic configuration, notably different from the \[^54^Xe\]4f^14^5d^7^6s^2^ configuration of Ir in the numbers of the valence d and s electrons. Finding the lowest-energy structures of the Rh clusters becomes the first considerable challenge before we can study their catalytic behaviors. The results of the global optimization heavily depend on the computational methods used to model the Rh clusters. For example, Lecours et al.^[@ref40]^ searched for the global minimum structures of Rh~*n*+1~^+^ and Rh~*n*~S^+^ using the Perdew--Burke--Ernzerhof (PBE)^[@ref41]^ and PBE0^[@ref42]^ generalized gradient approximation (GGA) method. The PBE pure GGA calculations suggest a cubic lowest-energy structure for Rh~8~^+^ with an electron spin number (*S*) of 8, whereas the PBE0 hybrid GGA calculations suggest a bicapped octahedron structure with a *C*~2*v*~ point group and *S* = 14.^[@ref40]^ The PBE0 results differ from the PBE results drastically for other Rh species as well.^[@ref40]^ Which method, or which category of the DFT methods (e.g., hybrid vs pure GGA), is more accurate for modeling the Rh clusters? This question prompted us to assess the accuracy of various DFT methods in the next section before eventually choosing the B3LYP hybrid GGA method for the study of the Rh clusters and their interaction with ethane.

Other than the method selection, there is another issue that hinders a comprehensive study of the catalytic activities of the Rh clusters. Unlike the previous Ir study^[@ref16]^ in which we knew Ir~18~ prefers a cuboid structure that contains only three different catalytic sites, the Rh~18~ clusters may adopt less symmetrical structures, each with a larger number of unique catalytic sites. This poses a grave challenge in the study of the Rh~18~ clusters as we learned that the catalytic activity of a TM cluster may heavily depend on the reaction site.^[@ref16]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} illustrates how complicated the study on Rh catalysis can be. We need to study various cluster sizes. For each size, we need to find the lowest energy structures, including their electron spin quantum numbers. We then need to study all different catalytic sites for each of these lowest-energy structures---this task is much more daunting for many other less symmetrical atomic structures of the larger Rh clusters. A fast and reliable method of prescreening the various catalytic sites is desirable to make a comprehensive study on Rh catalysis feasible.

![Flow chart of a comprehensive modeling of the Rh~*n*~ + C~2~H~6~ → H--Rh~*n*~--C~2~H~5~ reaction.](ao9b02813_0005){#fig3}

In this paper, we first carried out the NBO^[@ref35],[@ref36]^ calculations for the Ir~8~, Ir~12~, and Ir~18~ clusters. The NBO charges correlate strongly with the activities of the various catalytic sites. Equally, or even more strongly than the NBO charges, the WBIs^[@ref37]−[@ref39]^ of the Ir atoms at different sites correlate with their activities toward the dehydrogenation of ethane. We then extended these analyses to similar Rh clusters and found similar correlations. These findings may result in a fast and reliable means of prescreening the catalytic sites of the Ir~*n*~ and Rh~*n*~ clusters and potentially other similar TM clusters that activate the C--H bonds of alkanes.

In the next section, we introduce the computational methods chosen for this study and justify our choice. In the [Results and Discussion](#sec3){ref-type="other"} section, we present the strong correlations between the NBO charges, the WBIs, and the catalytic ability of the various sites on the Ir and Rh clusters. Concluding remarks are given at the end.

Computational Methods {#sec2}
=====================

The B3LYP hybrid GGA method^[@ref43]−[@ref45]^ implemented in Gaussian 09^[@ref46]^ was used in this study. The D3 empirical dispersion formulated by Grimme with Becke--Johnson damping^[@ref47]^ (D3BJ) was included in all calculations. In the geometry optimization and vibrational frequency calculations, polarized double-ζ (DZ) basis sets were used. The LANL2DZ basis set and the LANL2 effective core potential,^[@ref48]^ augmented with f-type polarization functions,^[@ref49]^ were employed on the Rh atoms. The 6-31G(d) basis sets were employed on the C, H, and O atoms.^[@ref50],[@ref51]^ This computing scheme is similar to Liu et al.'s calculations on the functionalization of C--H bonds,^[@ref52]^ Yang et al.'s calculations on the C--H activation by Rh complexes,^[@ref53]^ and Karmel et al.'s calculations on the Rh-catalyzed silylation of alkyl C--H bonds.^[@ref54]^ The only difference is that we also included the f-type polarization functions on the Rh atoms for enhanced accuracy. Similarly, Sundermann et al. studied C--C and C--H activation by Rh complexes using the B3LYP/LANL2DZ+p method.^[@ref55]^ DeAngelis et al. studied the Rh-complex-catalyzed C--H functionalization of indoles using B3LYP calculations with the 6-311G(d,p) basis sets on main group elements and LANL2DZ on Rh.^[@ref56]^ In a recent article on the assessment of DFT studies of Rh-mediated chemical transformations, the inclusion of the D3 empirical dispersion is shown to be important.^[@ref57]^ While PBE0 and MPWB1K-D3 are found to be the most accurate methods for the test cases used in this article,^[@ref57]^ the B3LYP-D3 method is reasonably accurate and clearly outperform B3LYP. Our choice of the B3LYP-D3BJ method was partially justified by these previous studies on the Rh-containing systems.

In addition to the literature review, we assessed several categories of the DFT methods before eventually choosing the B3LYP hybrid GGA method for this study. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the comparison between eight popular DFT methods---all coupled with the D3BJ empirical dispersion---against the CCSD(T, full) benchmark calculations of the bond energies of small Rh species. The assessed DFT methods include the double-hybrid B2PLYP^[@ref58]^ with HF exchange and MP2-type correlation (purple color), the B3LYP,^[@ref43]−[@ref45]^ B3PW91,^[@ref43],[@ref59]−[@ref62]^ and PBE0^[@ref42]^ hybrid GGA methods with HF exchange (red color), the BLYP,^[@ref44],[@ref63]^ BPW91,^[@ref59],[@ref60],[@ref63]^ and PBE^[@ref41]^ pure GGA methods (green color), and the SVWN^[@ref64]−[@ref67]^ local method (black color). The B3LYP, B3PW91, and PBE0 hybrid GGA methods differ from the BLYP, BPW91, PBE pure GGA method mainly in their inclusion of 20% (B3) or 25% (PBE0) Hartree--Fock exchange energy. The bond energies of 16 Rh species, ^1^RhH, ^3^RhH, ^5^RhH, ^2^RhC, ^4^RhC, ^2^RhO, ^4^RhO, ^1^Rh~2~, ^3^Rh~2~, ^5^Rh~2~, ^1^RhCH~3~, ^3^RhCH~3~, ^5^RhCH~3~, ^1^RhOH, ^3^RhOH, and ^5^RhOH, were calculated. The numeric superscripts in front of these formulas are the spin multiplicities (*M* = 2*S* + 1), where *S* is the electron spin quantum number. The triple-ζ (TZ) LANL2TZ(f) basis set on the Rh atoms^[@ref48],[@ref49],[@ref68]^ and the 6-311G(d,p) basis sets on the light atoms^[@ref69]^ were used consistently in the DFT and CCSD(T, full) calculations. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows that the double-hybrid B2PLYP method and the hybrid GGA methods clearly outperform the pure GGA methods and the local SVWN method. Practical consideration of the limited computing resources ruled out the double-hybrid B2PLYP method because computing the MP2-type correlation is prohibitively expensive for larger Rh clusters. Our earlier research on the Ir~*n*~-catalyzed dehydrogenation of ethane and propane^[@ref19]^ also justified the choice of using the B3LYP hybrid GGA method for this study.

![Rh--X (X = H, C, O, and Rh) bond energies of small Rh species: the DFT results vs the benchmark CCSD(T, full) results. The four categories of the double-hybrid, hybrid GGA, pure GGA, and local DFT calculations are colored purple, red, green, and blue, respectively. The benchmark is in black color. Species 1--16 are ^1^RhH, ^3^RhH, ^5^RhH, ^2^RhC, ^4^RhC, ^2^RhO, ^4^RhO, ^1^Rh~2~, ^3^Rh~2~, ^5^Rh~2~, ^1^RhCH~3~, ^3^RhCH~3~, ^5^RhCH~3~, ^1^RhOH, ^3^RhOH, and ^5^RhOH, respectively.](ao9b02813_0006){#fig4}

The B3LYP-D3BJ frequency calculations ensured that all local minima have zero imaginary frequencies, whereas all TS structures have one imaginary frequency. Intrinsic reaction coordinate calculations were carried out to ensure that each TS connects the desired reactant (i.e., the Rh~*n*~···C~2~H~6~ reactant complex) and product (i.e., H--Rh~*n*~--C~2~H~5~) via the minimum energy path of the imaginary frequency. To further improve the accuracy of the thermochemistry of the Rh~*n*~-activated C--H bond cleavage of ethane, single-point energies were calculated using polarized TZ basis sets. The LANL2TZ(f) basis set^[@ref48],[@ref49],[@ref68]^ was employed on the Rh atoms and the 6-311G(d,p) basis sets on the light atoms.^[@ref69]^ The NBO charges and the WBIs were obtained via using the same computational schemes. The NBO analysis was carried out using version 3.1 of the NBO program^[@ref70]^ implemented in Gaussian 09.^[@ref46]^

Results and Discussion {#sec3}
======================

Two mechanisms account for inserting a TM atom into a C--H bond: (1) the C--H bonding electrons flow into empty d orbitals of the TM atom. (2) The d-electrons of the TM atom flow into the empty σ\* C--H antibonding orbital. The Mulliken charge analysis showed that the first mechanism accounts for the Ir-activated C--H bond breaking.^[@ref16]^ However, this is not conclusive as the Mulliken population analysis depends heavily on the basis sets.^[@ref71]−[@ref73]^ Therefore, in this paper, we computed the NBO charges, which are generally independent of the basis sets.^[@ref72],[@ref73]^ The NBO charge analysis agrees with the previous Mulliken charge analysis that C--H bonding electrons flow into the partially empty d orbitals of the Ir clusters. In the previous research, we found that the LUMO of the Ir~*n*~ clusters are much more diffuse on the corner sites and thus better overlap with the C--H σ bonding orbital.^[@ref16]^ In this study, we observed similar shapes of the LUMOs of the Rh clusters: The part of the LUMO around the corner site of Rh~18~ appears more diffuse than that around the edge and face center sites. As a result, the corner sites are the most active: the enthalpies of activation (Δ*H*^⧧^) of Rh~18~ + C~2~H~6~ → H--Rh~18~--C~2~H~5~ are 0, 20, and 32 kJ/mol on the corner, edge, and face center site, respectively. The zero Δ*H*^⧧^ at the corner site is due to the fortuitous and complete cancellation between the enthalpy decrease in the formation of the Rh~18~···C~2~H~6~ reactant complex and the enthalpy increase in the formation of TS from the reactant complex. This trend of the Rh~18~ catalysis is similar to that of the Ir~18~ catalysis: Δ*H*^⧧^ = 3, 48, and 71 kJ/mol on the corner, edge, and face center sites, respectively, as Ir~18~ enters a C--H bond of ethane.^[@ref16]^ The prominent site effects of the Rh and Ir catalysis can be explained by the MO visualization. The drawbacks of the MO visualization are, however, that the shapes of the MOs depend on the isovalues chosen for graphing and that the MO visualization is rather qualitative. Therefore, in addition to the MO visualization, we studied the correlations between the TS energy (in atomic unit or au) of the TM~*n*~ + C~2~H~6~ → H--TM~*n*~--C~2~H~5~ reactions and two quantitative indicators: NBO charges and WBIs on the corner, edge, and face center sites. The TS energy is a quantitative indicator of the catalytic activity: the more negative the TS energy is, the more active the TM cluster is. [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}--[8](#fig8){ref-type="fig"} show the strong correlations between the NBO charges, the WBIs, and the activities of the various catalytic sites of Ir and Rh clusters.

![(a--g) Electron spin *S* = 0--6: Correlation between the TS energy of the Ir~18~ + C~2~H~6~ → H--Ir~18~--C~2~H~5~ reaction and the NBO charges of the face center, edge, and corner (from left to right) catalytic sites of Ir~18~. (h) NBO charges of the three catalytic sites of Ir~18~ (*S* = 0--6).](ao9b02813_0007){#fig5}

![(a--g) Electron spin *S* = 0--6: Correlation between the TS energy of the Ir~18~ + C~2~H~6~ → H--Ir~18~--C~2~H~5~ reaction and the WBIs of the corner, edge, and face center (from left to right) catalytic sites of Ir~18~. (h) WBIs of the three catalytic sites of Ir~18~ (*S* = 0--6).](ao9b02813_0008){#fig6}

![(a--g) Electron spin *S* = 0--6: Correlation between the TS energy of the Rh~18~ + C~2~H~6~ → H--Rh~18~--C~2~H~5~ reaction and the NBO charges of the face center, edge, and corner (from left to right) catalytic sites of Rh~18~. (h) NBO charges of the three catalytic sites of Rh~18~ (*S* = 0--6).](ao9b02813_0009){#fig7}

![(a--g) Electron spin *S* = 0--6: Correlation between the TS energy of the Rh~18~ + C~2~H~6~ → H--Rh~18~--C~2~H~5~ reaction and the WBIs of the corner, edge, and face center (from left to right) catalytic sites of Rh~18~. (h) WBIs of the three catalytic sites of Rh~18~ (*S* = 0--6).](ao9b02813_0010){#fig8}

The NBO charges of the various catalytic sites of Ir~18~ correlate strongly with their activities toward the C--H bonds of ethane. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--g shows that the TS energy for the Ir~18~ + C~2~H~6~ → H--Ir~18~--C~2~H~5~ reaction occurring at the corner, edge, and face center sites is linear to the NBO charges on these sites. This nearly perfect linear correlation is observed for each of the seven electron spin quantum number (*S* = 0--6). The *R*^2^ values (a.k.a., coefficient of determination) range from 0.873 (*S* = 5) to 0.999 (*S* = 0) with an average of 0.960. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}h clearly shows that, regardless of the electron spin, the corner sites are consistently positively charged, while the edge and face center sites are consistently negatively charged. The positive charge on the corner sites makes it easier for the electrons to flow from the C--H bonding orbital to the Ir clusters. For the seven reaction paths each with a different electron spin number *S* from 0 to 6, the spin-averaged NBO charges of the corner, edge, and face center sites of the free Ir~18~ cluster are 0.10 ± 0.01, −0.07 ± 0.01, and −0.12 ± 0.01, respectively. The spin-averaged NBO charges on these sites become −0.26 ± 0.01, −0.39 ± 0.03, and −0.45 ± 0.01 in the corresponding TS structures. The net changes of the NBO charge of the Ir atoms are −0.36, −0.32, and −0.33. The NBO charge analysis confirms that electrons flow from the C--H σ bonding orbital to the activating Ir atom, and the positively charged Ir atoms at the corner sites accept the electron more readily.

In addition to the NBO charges, the WBIs of the corner, edge, and face center atoms are also strong indicators of their ability to enter a C--H bond. Herein, the WBI of a catalytic site (or a TM atom) refers to the sum of the WBI values of all the links of the site (or atom), unless specified otherwise. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--g shows a clear trend: The lower the WBI of the catalytic site, the lower the corresponding TS energy, and thus the more active the site. The *R*^2^ values range from 0.791 (*S* = 4) to 1.000 (*S* = 2) with an average of 0.959. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}h shows that the corner site has consistently lower WBI than the edge and face center sites, which suggests that the corner Ir atoms are the least coordinated in the Ir~18~ cuboid structures. Because of their severe undercoordination, the corner sites are more likely electron-deficient and therefore more likely to accept electrons from the C--H bonding orbital of ethane. [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} show that, prior to finding the TS structures, we can rank the activities of the corner, edge, and face center site, quantitatively, solely based on the NBO charges and WBI of these sites in the Ir~*n*~ clusters. This could have saved tremendous amount of computing time in the study of Ir catalysis. For example, the efficiency of finding the lowest-energy path of Ir~18~-catalyzed dehydrogenation of ethane would have increased 3-fold, had we known that the most positively charged corner sites with the lowest WBIs would be the most active sites and thus omitted the edge and face center sites.

Besides the WBIs of the catalytic sites, the WBIs of the Ir--C partial bond in the TS structure also strongly correlate with the TS energy. The greater the Ir--C WBI, the lower the TS energy. The Ir--C WBI serves as another useful indicator of the catalytic activity. Its value can be determined, however, only after the TS structure is optimized. In contrast, the WBIs of the catalytic sites on the Ir atomic clusters can serve as a prescreening tool before the TS structure is obtained. Similarly, the Rh--C WBIs correlate well with the corresponding TS energies (with one exception when *S* = 1) but cannot serve as a prescreening tool like the WBIs of the sites on the Rh atomic clusters. For more detail, the 14 plots of TS energy versus the Ir--C (or Rh--C) WBI for Ir~18~ and Rh~18~ (*S* = 0--6) are included in Appendix E of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02813/suppl_file/ao9b02813_si_001.pdf).

We then extended the NBO charge analysis to the Rh~18~ clusters. The correlation between the NBO charges on the corner, edge, and face center sites and the TS energies of Rh~18~ is weaker than Ir~18~ but still quite prominent ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The *R*^2^ values range from 0.529 (*S* = 1) to 0.999 (*S* = 2) with an average value of 0.763. The weaker correlation mainly results from the TS energy of the edge site being slightly higher (instead of lower) than that of the face center site, when *S* = 0, 1, or 3. However, the corner site consistently has the most positive NBO charge and the lowest TS energy, which makes the NBO charge of the free Rh~*n*~ cluster a useful indicator for finding the most active sites. The NBO charges of the corner, edge, and face center sites of the free Rh~18~ cluster are 0.13 ± 0.02, −0.05 ± 0.01, and −0.29 ± 0.05. The NBO charges on the corresponding sites become −0.22 ± 0.01, −0.35 ± 0.03, and −0.61 ± 0.01 in the TS structures. The net changes of the NBO charge of the Rh atoms are −0.35, −0.30, and −0.32 as the Rh atoms at the corner, edge, and face center sites enter a C--H bond of ethane. Similar to the Ir~18~ analysis, we found that electrons flow from the C--H σ bonding orbital to the activating Rh atom and that the positively charged Rh atoms at the corner sites accept the electron more readily. This explains why the corner sites weaken the C--H bonds of ethane more efficiently than the edge and face center sites.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a--g shows that the WBIs act as a slightly better indicator than the NBO charges for the Rh~18~ case. The *R*^2^ values range from 0.630 (*S* = 3) to 1.000 (*S* = 5) with an average of 0.813. Although exceptions to the linear relationships were found for the *S* = 0, *S* = 1, and *S* = 3 cases, the corner sites have the lowest WBIs and also the lowest TS energies consistently for each spin (*S* = 0--6). [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}h shows that the corner sites always have the lowest WBIs, followed by the edge and face center sites, in that order. As anticipated, the most severely undercoordinated corner sites interact with the C--H bonds more strongly, which lowers the TS energy of the reaction taking place on the corner site. Collectively, [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}--[8](#fig8){ref-type="fig"} suggest that the NBO and WBI analyses are excellent prescreening tools for ranking the catalytic sites in both Ir~18~ and Rh~18~. The corner sites always have the most positive NBO charges, the lowest WBIs, and the strongest activities toward the C--H bonds of ethane.

How do the NBO and WBI analyses work for the Ir and Rh clusters with a different size such as Ir~12~ and Rh~12~? Because the Ir~12~ and Rh~12~ clusters have only two different sites (corner and edge), we pooled the correlations (*S* = 0--6) between the NBO charges and the TS energy of Ir~12~ in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a and that of Rh~12~ in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a for Ir~12~ exhibits similar "TS energy versus NBO charge" slopes for all seven electron spin numbers from 0 to 6. The correlation for Rh~12~ is also prominent but weaker than Ir~12~ especially for the *S* = 0 case, in which the edge site with a negative NBO charge has lower (instead of higher) TS energy than the corner site with a positive charge. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c,d shows that a lower WBI is still an excellent indicator of the stronger catalytic ability for the Ir~12~ clusters for each electron spin. There is again an exception (*S* = 0) for the Rh~12~ case, but overall, the WBI correlates strongly with the catalytic ability of the corner and edge sites of Rh~12~. In summary, [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}--[9](#fig9){ref-type="fig"} suggest that the NBO charge and WBI analyses rank the catalytic sites accurately for both Ir and Rh clusters with various sizes. However, will this high level of accuracy change when different basis sets are used in the calculations?

![(a,b) Correlation between the TS energy of TM~12~ + C~2~H~6~ → H--TM~12~--C~2~H~5~ (TM = Ir and Rh) and the NBO charges of the corner and edge catalytic sites (*S* = 0--6). (c,d) Correlation between the TS energy and the WBIs at the corner and edge catalytic sites of the Ir~12~ and Rh~12~ cuboid structures. Enclosed in the ellipses are the corner site data.](ao9b02813_0011){#fig9}

It is well known that Mulliken charges heavily depend on the basis sets,^[@ref71]−[@ref73]^ whereas NBO charges do not.^[@ref72],[@ref73]^ We compared the NBO charges of the corner, edge, and face center sites of the Ir and Rh clusters using two different basis sets: the DZ basis sets and the TZ basis sets, both described in the [Computational Method](#sec2){ref-type="other"}s section. The Ir~8~ plot is not displayed as each atom in cubic Ir~8~ has a zero NBO charge because of its high symmetry. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows that the NBO charges on the Ir clusters are virtually independent of the basis set. The TZ charges are 0.95--0.98 times the DZ charges for the Ir~*n*~ (*n* = 12 or 18) clusters with a *R*^2^ value of 1. Similarly, the NBO charges are independent of the basis sets for the Rh~*n*~ (*n* = 12 or 18) clusters. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows that the TZ charges are 1.00--1.02 times the DZ charges with a *R*^2^ value of 1. In short, the NBO charge analyses of Ir and Rh clusters are basis set-independent.

![DZ vs TZ NBO charges of the atoms in the TM~18~ and TM~12~ (TM = Ir and Rh) with the electron spin quantum number *S* ranging from 0 to 6.](ao9b02813_0002){#fig10}

For comparison, we also examined the DZ and TZ Mulliken charges on the Ir~18~ and Rh~18~ clusters and saw dramatic differences. For example, the DZ Mulliken charges on the face center sites of Ir~18~ are significantly positive ranging from 0.60 to 0.66, while the corresponding TZ charges are slightly negative ranging from −0.12 to −0.04. The discrepancies between the DZ and TZ Mulliken charges at the face center sites of the Ir and Rh clusters are even more significant than many other example systems (e.g., CO) used to demonstrate the basis set dependence of the Mulliken charges.^[@ref71]−[@ref73]^ While the TZ Mulliken charges are not too far from the size-independent NBO charges, the DZ Mulliken charges are completely different. Similar patterns were observed for Rh~18~. The DZ Mulliken charges on the face center sites of Rh~18~ range from 0.55 to 0.56, while the corresponding TZ Mulliken charges range from −0.17 to 0.04. The DZ and TZ Mulliken charges disagree notably on the corner and edge sites as well. For more detail, the plots of DZ versus TZ Mulliken charges are included in Appendix F of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02813/suppl_file/ao9b02813_si_001.pdf). The significant dependence on the basis sets renders the Mulliken population analysis much less reliable than the NBO charge analysis and thus should be carried out with caution. In our previous research, the change of the TZ Mulliken charge when Ir inserts into C--H bond was used to determine the direction of the electron flow.^[@ref16]^ The shape of the LUMO on the Ir~18~ cluster was used to explain the site effect.^[@ref16]^ In this work, the NBO charge analysis of the Ir~18~ (or Rh~18~) atomic clusters is not only independent of the basis set but can also potentially predict the site effect before the TS structures are optimized. In addition, [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [7](#fig7){ref-type="fig"} demonstrate quantitatively a strong correlation between the NBO charges on the Ir or Rh atomic clusters and the TS energy. The quantitative analyses of the NBO charges and WBIs agree with and complement the visualization of LUMO of the TM clusters,^[@ref16]^ the latter being qualitative and slightly dependent on the isovalue chosen for plotting the MOs.

How do the WBIs depend on the basis set? Not much either, as shown by [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. Compared with the overlap population analysis, the WBI analysis is much less dependent on the basis sets and correlate much better with the bond strength. The WBIs also have clearer physical interpretations as they agree with the bond orders predicted by valence bond theory.^[@ref38],[@ref39]^ We computed the WBIs of the corner, edge, and face center sites on the Ir and Rh clusters. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows that the WBIs of the Ir and Rh atoms are virtually independent of the basis sets. The TZ WBIs matches with the DZ WBIs for all cases with a *R*^2^ value of ∼1.00 for the Ir clusters with *S* = 0--6; similar patterns were observed for the Rh clusters. The intercepts are not exactly zeroes but fairly small. The Ir~8~ plot clearly shows that WBI indexes strongly depend on the electron spin. The seven data points from the top right to the bottom left in the Ir~8~ plot are associated with electron spin (*S*) from 0 to 6, in that order. The higher the spin number (or more unpaired electrons), the lower the WBI, and vice versa. This suggests that more Ir--Ir bonds are formed when more electrons are paired. However, lower-spin clusters with higher WBIs do not always have lower energies because of their less negative exchange energies. The relative magnitudes of the bonding energies and the exchange energies are hardly predictable, which makes it difficult to globally optimize the Ir or Rh clusters and their catalytic abilities. Fortunately, [Figures [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} and [11](#fig11){ref-type="fig"} suggest that the NBO charges and WBIs of the Ir and Rh clusters are independent of the basis sets. Given the atomic structures and the electronic spin state of an Ir or Rh cluster, the WBI and NBO charge analyses rank the catalytic sites reliably regardless of the basis sets used in the calculations.

![DZ vs TZ WBIs of the atoms in the TM~18~, TM~12~, and TM~8~ clusters (TM = Ir and Rh) with the electron spin quantum number *S* ranging from 0 to 6.](ao9b02813_0003){#fig11}

Thus far, the NBO charges and WBIs have been demonstrated to correlate strongly with the catalytic activities at various sites of Ir~*n*~ or Rh~*n*~ (*n* = 12 or 18). It would be more beneficial if these two parameters also systematically correlated with the size of the TM clusters, but unfortunately, such correlations were not observed. In order to examine the size effect, we plotted the energy barrier versus the NBO charges at the corner site of TM~*n*~ (*n* = 8, 12, and 18) for *S* = 0--6. The energy barriers were defined to be *E*(^2*S*+1^TS) -- *E*(^2*S*+1^TM~*n*~) -- *E*(C~2~H~6~), where 2*S* + 1 is the spin multiplicity---this treatment is used to separate out the electron spin effect. Unfortunately, both positive and negative correlations are observed in these plots, some having negligible *R*^2^ values. Similarly, the energy barrier versus WBI plots lack consistent trends. The NBO charges and WBIs are not reliable indicators for predicting the size effect of the Ir and Rh clusters. For more details, the NBO charges and WBIs at the corner sites of the Ir~*n*~ and Rh~*n*~ clusters (*n* = 8, 12, and 18), as well as their (lack of) correlation with the reaction energy barrier, are presented in Appendix G of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02813/suppl_file/ao9b02813_si_001.pdf).

Conclusions {#sec4}
===========

The B3LYP calculations reveal a strong correlation between the NBO charges and the catalytic abilities of the various sites on the Ir and Rh clusters. The more positive the NBO charge, the more active the catalytic site. Similarly, the WBIs are also strong indicators of the activities of different catalytic sites. The lower the WBI, the more active the catalytic site. Compared to the MO visualization and the Mulliken analysis that are basis-set-dependent and qualitative rather than quantitative,^[@ref16]^ both the NBO charges and the WBIs are quantitative and virtually independent of the basis sets. The NBO charges and WBIs are expected to provide a reliable means of fast prescreening the best catalytic sites on the Ir and Rh clusters and potentially other TM clusters for the dehydrogenation of ethane and other light alkanes. This fast and reliable prescreening tool is expected to expedite our future work on the global optimization of the TM catalysts used for the production of ethene and propene at low temperatures.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.9b02813](http://pubs.acs.org/doi/abs/10.1021/acsomega.9b02813).Cartesian coordinates and vibrational frequencies of the Ir and Rh clusters and the corresponding TS structures calculated using the B3LYP-D3BJ method with the DZ basis sets; B3LYP-D3BJ single-point energies of the Ir and Rh clusters and the corresponding TS structures using the TZ basis sets; plots of TZ TS energy versus Ir--C (Rh--C) WBI for Ir~18~ and Rh~18~; DZ versus TZ Mulliken charges on Ir~18~ and Rh~18~; and NBO charges and WBIs at the corner sites of the Ir~*n*~ and Rh~*n*~ clusters (*n* = 8, 12, and 18) as well as their (lack of) correlation with the reaction energy barrier ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02813/suppl_file/ao9b02813_si_001.pdf))
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